We model the optical properties near an exciton resonance in a semiconductor microcavity where the exciton energy and linewidth are modulated by a THz field. We expect strong enhancements of THz sidebands on optical spectra. We also discuss how ultrafast pulsed THz radiation may be used coherently to control normal-mode oscillations in microcavities. [S0031-9007(99) PACS numbers: 42.65.Ky, 71.35.Ji The controlled variation of the temperature, magnetic field, electrical bias, and quantum-well (QW) thickness [1] have all been employed to afford tunability of the exciton-cavity-photon coupling in semiconductor microcavities (MC's). Time-dependent knobs, however, have attracted scant attention. As we show in this Letter, the modulation of the optical properties of a MC at THz frequencies may provide substantial enhancements of the nonlinear optical-THz processes as well as a means to control coherently optical dynamics in these structures.
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(Received 28 October 1998) We model the optical properties near an exciton resonance in a semiconductor microcavity where the exciton energy and linewidth are modulated by a THz field. We expect strong enhancements of THz sidebands on optical spectra. We also discuss how ultrafast pulsed THz radiation may be used coherently to control normal-mode oscillations in microcavities. [S0031-9007(99)08920 -6] PACS numbers: 78.66. -w, 42.65.Ky, 71.35.Ji
The controlled variation of the temperature, magnetic field, electrical bias, and quantum-well (QW) thickness [1] have all been employed to afford tunability of the exciton-cavity-photon coupling in semiconductor microcavities (MC's). Time-dependent knobs, however, have attracted scant attention. As we show in this Letter, the modulation of the optical properties of a MC at THz frequencies may provide substantial enhancements of the nonlinear optical-THz processes as well as a means to control coherently optical dynamics in these structures.
First, we show that large enhancements (ϳ100) of the THz-sideband (TS) generation efficiency should be possible in the MC for the doubly resonant case in which the input optical field as well as a TS coincides with the normal modes of the MC. This leads to a new type of nonlinear cavity polariton involving photons at different frequencies as well as the excitonic resonance. Second, we show how THz pulses can be used to control coherently the dynamics of mode oscillations excited by an ultrafast broadband optical pulse, instead of using the relative phase of pairs of time-delayed phase-locked optical pulses to control the excitation as in Refs. [2, 3] .
Specifically, we consider the dynamics of the electric field transmitted through a MC in the presence of a single exciton resonance in the vicinity of the Fabry-Pérot mode. We focus on when the excitonic propertiesthe oscillator strength and linewidth-are modulated by a THz electric field F which may be polarized in the QW plane or in the growth direction. F may include a dc background field so the modulating field produces linear Stark effects leading to both even-and odd-order TS's. We assume F produces Stark shifts small compared with interband, intraband, and intersubband resonances nearby [4] . Exciton ionization results in broadening of the exciton line which for simplicity we treat as Lorentzian. Because the modulation frequency v 0 (ϳ1 THz) for wide band gap materials is well below the band gap as well as the exciton binding energy, we treat the effects of the modulating field in the adiabatic limit; i.e., the instantaneous Stark shift and line broadening are taken to be given parametrically in time by the instantaneous value of the modulating field assuming it to be static. Finally, we consider exciton polaritons with zero center-of-mass momentum. These are the states which directly couple to external light at normal incidence. The case of exciton polaritons with nonzero momentum (for oblique incidence of external light beams) merely introduces an explosion of notation without leading to significant physical effects in the regime of interest.
Our treatment generalizes that of Ref. [5] where we applied a Green-function (GF) approach to treat the dynamics of weakly excited exciton polaritons in MC's in the absence of any low-frequency modulating field. We consider the dynamics of the optical amplitude in the MC which are determined by the GF D͑´,´0͒ for the field in the cavity at the location of the QW (as opposed to the GF for the interband polarization as was found in Ref. [5] ); D͑´,´0͒ is the response function for the electric-field amplitude in the MC for excitation at optical frequency´0 and response at´. We have quite generally for the Dyson equation D͑´,´0͒
where D is the total retarded response function for the field amplitude in the MC, D 0 is the retarded bare-cavity response function (i.e., the MC in the absence of the QW), and G is the retarded self-energy which accounts for the coupling of the cavity photon mode to the interband polarization associated with the creation and destruction of excitons. In particular, G is the product of the material response function and V 2 where 2V is the MC normal-mode splitting at zero exciton-cavity detuning. All retarded quantities possess poles solely in the lower half of the complex plane. Note that insofar as the optical field is concerned, D describes the linear response of the system. (Nonlinear effects in the THz field, however, are taken into account nonperturbatively in G.)
The inelastic response is due to the THz field which generates the TS's. We can separate D and G into elastic and inelastic terms as D͑´,´0͒ D el ͑´͒d´,´0 1 D inel ͑´,´0͒ and G͑´,´0͒ G el ͑´͒d´,´0 1 G inel ͑´,´0͒ where D el ͑´͒, the GF for the MC in the absence of modulation, satisfies
. The entirely new features enter through the inelastic terms; these lead to the formation of the TS's. We have explicitly [5, 6] 
and
where´g and G g are the bare cavity resonance frequency and width,˜0 ´0 2 iG 0 with´0 and G 0 the bare unmodulated exciton resonance frequency and nonradiative width, m is an integer, and z (z ø´g,´0) is the modulation frequency of the complex exciton frequency. In other words, the exciton frequency is given by˜0 1˜1 cos z t where˜1 ´1 1 ig 1 . P 0 is the sum restricted to values of k of the same parity as m and D (1) and its relation with nonlinear optical susceptibilities will be discussed in Ref. [7] .
In order to couple the internal MC field to the external field, we assume a high-Q l cavity composed of distributed-Bragg reflectors (DBR's) to obtain for the transmitted field at´for an incident optical beam of frequency´0, T ͑´,´0͒ 22G g D͑´,´0͒. This is obtained using a transfer-matrix approach, by noting that for our cavity 2G g jTj 2´g 2p [8] , and adapting the expressions in Ref. [5] for the optical transmission through the MC of interest; here T is the DBR amplitude transmission coefficient. This fully specifies our model. In the remainder of this study, we solve for its appropriate limiting behavior.
Since the TS's are in most cases much weaker than the fundamental (we quantify this assertion shortly), we expect that we can carry out an expansion of the Dyson equation in powers of G inel ,
To lowest order in inelastic quantities, we dispense with the last term and obtain D inel ͑´,´0͒ D el ͑´͒G inel ͑´,´0͒D el ͑´0͒. Thus, to this level of approximation, insofar as inelastic processes are concerned, the MC acts as a filter on the sum͞difference frequency spectrum of the modulated QW. Note, however, that it is not the bare cavity that serves as the filter, but the coupled modes of the MC. We can therefore view the TS's as being associated with a new type of nonlinear, frequency-mixed cavity polariton. To what extent is the truncation of Eq. (2) valid? Our specific concern is the doubly resonant case, namely, when the normal modes of the MC coincide with the fundamental´and TS at´1 nz with n 1. To ascertain the validity of our approximation, we test to see if
In other words, the MC is pumped at one normal mode´2 and the transmitted TS at the otheŕ 1 is monitored. If G 0 , G g ø V, and j˜1j ø 2G 0 , then retaining the most resonant term of Eq. (1) and expanding the Bessel functions to leading order, we obtain jG inel ͑´1,´2͒j ഠ
The conversion efficiency in the doubly resonant case can thus be quite large; for j˜1j ϳ G 0 , the analysis above indicates conversion efficiencies in the percent range. We must remember, however, that we have assumed the high-Q limit in which the transmission in the unmodulated case is unity at´6. Although the foregoing provides a useful model, in reality, high quality MC's have transmission coefficients in the 10% range, and so we should normalize the TS efficiencies by this value.
This said, to what extent can the doubly resonant conversion efficiencies indeed be considered large? In order to answer this, it is useful to obtain by comparison an estimate of the amplitude jT QW ͑´0 1 2V,´0͒j of the first TS for a bare QW. In this case we have chosen different input and output frequencies to give the maximal efficiency. From Ref. [6] we have jT QW ͑´0 1 2V,´0͒j
where G rad is the bare-QW exciton radiative width which satisfies V 2 G rad´0 ͞p [5, 8] . Thus, the ratio of the amplitudes of the first TS for the two cases is jT ͑´1,´2͒͞T QW ͑´0 1 2V,´0͒j ഠ V 2G rad ´0 2pV . For GaAs-based structures,h´0 ϳ 1.55 eV andhV ϳ 5 meV. Hence, the field enhancement at the first TS for the doubly resonant case in the MC is in the range of 50, whereas the enhancement of the power is ϳ2500. Even allowing for the fact that we have perhaps overestimated the conversion efficiency for the MC by an order of magnitude, the result would still be an enhancement over the bare QW of a factor of ϳ100. This is considerable. (These arguments also scale to wider gap materials.) The transmission spectrum jT ͑´1 2V,´͒j 2 for the first TS with hG 0 hG g 1 meV andh˜1 20.8 meV is shown in Fig. 1 . When´coincides with´2, there is a large doubly resonant enhancement of the first TS peak, i.e., the transmitted probability at the first TS compared with the fundamental. We see efficiencies in the few percent range. This is to be contrasted with the case of the bare QW in which conversion efficiencies are in the 0.01% range [6] . Enhanced conversion efficiencies have also been observed for doubly resonant conditions on bare QW's in magnetic fields under THz irradiation when the magnetoexciton splitting coincides with the spacing between TS's [9] . In that case, however, the doubly resonant enhancement is expected to be additive [7] rather than multiplicative as for the MC.
We now switch to time-domain effects. The use of phase-locked pulse pairs to populate and depopulate coherently QW's of excitons has recently attracted considerable interest [3] . We have recently considered coherent control of excitons in a MC [2, 10] . We now turn to the use of THz pulses to achieve coherent control of mode oscillations in MC's. For example, a half-cycle THz pulse (e.g., generated by an ultrafast optical pulse incident on a biased photoconductor such as low-temperature grown GaAs) impinging on the MC induces a transient in˜1͑t͒ which in general is complex. The duration of the THz transient can be 100 fs or even shorter; 2p V can be chosen to be much longer than the duration of the THz pulse. Depending on whether the THz field is polarized in the growth direction or in the QW plane, the modulation can be tuned to be primarily real (quantum-confined Stark effect) or imaginary (exciton ionization). This transient change in the complex exciton energy induces a phase shift or amplitude modulation in the optical dynamics in the MC.
We return to Eq. (2) which we write in the time domain
For simplicity, we assume G 0 G g and´0 ´g, and consider the limiting behavior for THz pulses of duration 2t 0 ø 
The electric field in the MC is given by E͑t͒ 2Im D͑t, t 0 ͒. An interesting consequence is that by judiciously choosing the THz pulse, it is possible in principle to switch the coherent emission from a MC undergoing mode oscillations to emit at either´6 following the incidence of the THz pulse. To see this, consider an impulsively excited MC. Such excitation is provided by an ultrafast broad-band optical pulse-one whose spectrum spans´6 with equal weight at each mode. For t & 2t 0 , the emitted field is modulated by cos Vt which is indicative of mode oscillations. To find conditions for emission at either´6 for t * t 0 , expand D͑t, t 0 ͒ in terms proportional to e 2i´6t , then set the coefficient of e 2i´7t to zero. We obtain 0 e Case (a) is the unmodulated signal [11] . In (b), for t , 0, the emission occurs at´1. Figure 2(c) shows the phase of the mode oscillations has been flipped at t 0. Figure 3 shows E͑t͒ for the same parameters as above, except now t 0 2 3p 2V 20.75 ps, r 0.2, and f 0. In this case, the THz pulse is assumed to modulate the exciton linewidth. This effectively quenches the coherent emission for t . 0. If, however, f fi 0 but r 1, an optical phase shift is introduced, but there is no alteration of the phase of the mode oscillations for t . 0. Of course, it is not possible to selectively modulate the phase or amplitude exclusively-only with varying degrees of selectivity. Moreover, these coherent signals lie on a background of incoherent emission (photoluminescence) which builds up over a time scale given by the dephasing timeh 2G 0 (in the homogeneously broadened limit), and can only be seen as a weak modulation lying on top of the emission, in interferrometric, or other coherent optical experiments.
To conclude, we have investigated the optical properties of MC's in the presence of THz fields. We found a factor of ϳ100 enhancement of doubly resonant TS generation in the MC compared with bare QW. This suggests that high-Q MC's in THz fields may be of interest for applications as frequency-shifting devices, such as in wavelength-division multiplexed systems. Practical implementation, however, has to wait-perhaps not too long-for the development of convenient intense, narrowband THz sources. In addition, we showed how pulsed THz radiation may be used to control coherently mode oscillations in MC's. In particular, we demonstrated theoretically the shifting of the emission of a MC undergoing mode oscillations to one or the other of the normal modes´6. These latter effects are currently accessible using tabletop solid-state sources of transient THz radiation.
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